INTRODUCTION
Knowledge of the microbial plankton metabolic balance provides valuable information about energetics and carbon processing through planktonic food webs and, ultimately, contributes to the understanding of the global carbon cycle. Different patterns of organic matter circulation in the upper ocean are associated with differences in the structure and functioning of the planktonic food web that is controlled by both top-down (i.e. grazing at different levels of the food webs) and bottom-up processes (i.e. nutrient availability) (Legendre & Rassoulzadegan 1996 , Calbet & Laundry 2004 , Vargas et al. 2007 ).
There is a higher potential for growth of larger phytoplankton cells when nutrients are available (Thingstad & Sakshaug 1990 , Aga win et al. 2000 , Cermeño et al. 2005 . The relationship between phytoplankton size-structure and the metabolic balance of microbial communities (pro duction/respi ration ratio, P/R) has been widely de monstrated in different marine ecosystems (Serret et al. 2001 , Smith & Kemp 2001 , Teira et al. 2001a . Micro bial communities in which phytoplankton biomass is dominated by large phytoplankton cells are characterized by herbivore food chains, important prevailing export processes and net autotrophic metabolisms (P/R > 1) (Steele 1976 , Legendre 1990 Changes in the metabolic balance of contrasting microbial food webs after nutrient enrichment S. Martínez-García*, E. Teira, E. Fernández
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Resale or republication not permitted without written consent of the publisher 1990, Kiørboe 1996 , Legendre & Rassoulzadegan 1996 . In contrast, in those communities where picophytoplankton biomass accounts for a high fraction of total phytoplankton biomass, and both biomass and photosynthetic carbon fixation are low, important remineralization processes prevail (i.e. microbial food webs) (Azam et al. 1983 , Platt et al. 1983 , Sherr & Sherr 2000 , Fenchel 2008 ). These communities are also associated with higher respiration rates compared to primary production rates, which results in net balanced (P/R = 1) or even net heterotrophic (P/R < 1) metabolisms. Net hetero trophy of these communities has been argued to be maintained by aperiodic bursts of oxygen accumulation (Karl et al. 2003 ) that would be resource-controlled by different nutrient delivery mechanisms (McGillicuddy et al. 1998 , Uz et al. 2001 , Gregg et al. 2003 , Baker et al. 2007 ). Microbial communities in these areas have been hypothesized to utilize these intermittent nutrient inputs and presumably become net autotrophic during short but frequent periods of time (Karl et al. 2003) .
Allochthonous nutrient additions, such as atmospheric inputs, affect both autotrophic and heterotrophic rates (Michaels et al. 1993 , Mills et al. 2004 , Bonnet et al. 2005 , Herut et al. 2005 , Pulido-Villena et al. 2008 , Reche et al. 2009 ), but most investigations on the effects of nutrient inputs on microbial communities have focused either on the autotrophic or the heterotrophic compartments (e.g. Graziano et al. 1996 , Carlson et al. 2002 , Mills et al. 2004 , Piehler et al. 2004 , Bonnet et al. 2005 , Moore et al. 2006 , 2008 . Investigations addressing the joint effect of inorganic and organic nutrients on both microbial compartments are still scarce (Thingstad et al. 1999 , Joint et al. 2002 , Davidson et al. 2007 , Martínez-García et al. 2010a . Only a few recent works have paid attention to possible shifts in the metabolic balance of microbial communities after natural (Lekunberri et al. 2010 , Marañón et al. 2010 or controlled nutrient inputs (Thingstad et al. 1999 ). In addition, very little is known about the factors modulating the metabolic balance responses of distinct microbial communities to different nutrient inputs. As far as we know the present study is the first one that specifically addresses the changes in metabolic balance pro mo ted by inorganic and/or organic nutrients in micro bial communities with different trophic structures.
The aim of the present study was to investigate the direction and magnitude of P/R shifts after inorganic and/or organic nutrient inputs in contrasting microbial plankton communities. More specifically, we first hypothesized that large (> 2 µm) phytoplankton cells would outcompete small cells after nutrient additions, thus, herbivore food webs are expected to experience a stronger tendency to autotrophy after inorganic nutrient inputs than microbial food webs. Secondly, we hypothesized that microbial food webs, dominated by small phytoplankton and with initial net balanced or net heterotrophic metabolisms, would experience a stronger tendency to heterotrophy after organic nutrient inputs compared to herbivore food webs (initially net autotrophic).
With this purpose we studied the changes in P/R ratios promoted by nutrient additions in 2 sets of experiments performed in open-ocean and coastal waters (Martínez-García et al. 2010a,b) in order to describe general microbial response patterns of metabolic balance to nutrient loading. This comprehensive study allowed us to derive some conclusions of relevance for the understanding of microbial food web functioning.
MATERIALS AND METHODS

Survey areas
The 2 sampling sites visited in the present study are shown in Fig. 1 . The oligotrophic regions of the central Atlantic Ocean are characterized by strong thermal stratification and nutrient depletion in the upper mixed layer over most of the year, which translates into very low levels of chlorophyll a and primary production, dominance of < 2 µm picophytoplankton cells and, hence, prevalence of microbial food webs (Marañón et al. 2001 , Teira et al. 2006 , Fenchel 2008 . Five experiments (Expt 1 to 5) were performed in November and December 2007 along a latitudinal transect (approximately from 26°N to 29°S latitude).
By contrast, the Ría de Vigo (Spain) is a mesotrophic embayment located in the coastal system of the NW Iberian Peninsula, a highly productive and dynamic coastal ecosystem (Cermeño et al. 2006 ), characterized by the upwelling (from March to September) of cold and nutrient-rich North Atlantic Central Water (NACW) (Nogueira et al. 1997) . Large phytoplankton cells (> 2 µm) dominate the autotrophic community, especially during upwelling periods when > 20 µm cells represent > 80% of the phytoplankton community and herbivore food webs prevail (Legendre 1990 , Cermeño et al. 2006 . Three experiments were performed at an on-shelf station (Shelf) (Expt 6 to 8) and 3 at a station located in the middle sector of the ría (Ría) (Expt 9 to 11). Experiments were performed from February to July 2008.
Experimental setup
Vertical profiles down to 300 m, and between 25 and 75 m (open and coastal ocean stations, respectively) of water column temperature, salinity and in situ fluorescence were obtained with a SBE 9/11 CTD probe and Seatech fluorometer attached to a rosette sampler. Surface seawater samples (5 to 10 m) were collected in 12 or 15 l acid-clean Niskin bottles and filtered through a 150 and 200 µm pore size mesh (open-ocean and coastal stations, respectively) to remove larger zooplankton. Subsequently, 12 l acid-washed polycarbonate bottles were gently filled under dim light conditions.
Following sample collection, nu trients were added to the microcosm bottles. The experimental design included duplicate 12 l bottles for a series of 4 treatments (Table 1) : (1) control treatment, (2) inorganic addition treatment, (3) organic addition treatment and (4) mixed addition treatment. Glucose and amino acids (equimolar mixture of 18 amino acids: all protein amino acids, except cysteine and tyrosine) were included, as they are among the most abundant organic labile substances identified in seawater (Cauwet 2002) . Dissolved amino acids represent 13.1% of total dissolved organic nitrogen (DON) (7.2 and 5.9% from dissolved combined and dissolved free amino acids, respectively) (Bronk 2002 ) and hydrolyzable neutral sugars represent 2 to 6% of the total dissolved organic carbon (DOC) pool (Benner 2002) . The magnitude of the additions performed was chosen to be in excess of the mean concentrations measured in the surface waters of each ecosystem (Ál varez-Salgado et al. 1996 , Marañón et al. 2001 . The added nutrient concentrations were 10-fold higher in the coastal experiments than in the open-ocean experiments (20-fold in the case of HPO 4 2-), in accordance with the differences in the mean initial nutrient concentrations, standing stocks and metabolic rates between both ecosystems (see initial conditions in Table 2 ).
The N/P ratios of the additions performed were different in open-ocean (N/P = 20:1 to 30:1 inorganic and mixed additions, respectively) and coastal experiments (N/P = 10:1 to 15:1 inorganic and mixed additions, respectively) in order to compensate for the low initial N/P ratios in surface oligotrophic waters of the central Atlantic (0 to 3; Fanning 1992) compared to the mean N/P ratio of surface waters off the Iberian coastal margin (10 to 18; Álvarez-Salgado et al. 1997 , Prego et al. 1999 ) (see Table 2 ).
In both cases, temperature was maintained within ± 0.1°C of in situ temperature. Bottles were illuminated with cool white light from fluorescent tubes (photoperiod 10 to 12 h light:12 to 14 h dark and the average photosynthetically active radiation [PAR] ples were taken every 24 h to monitor changes in microbial community structure and metabolism.
Chemical and biological analyses
A complete methodological description is provided in Martínez-García et al. (2010a,b) ; here we provide a short outline.
Inorganic and organic nutrients. For the openocean experiments nitrate and ammonium concentrations were determined on-board on fresh samples with a Technicon segmented-flow auto-analyser and using modified colorimetric protocols that allow a detection level of 2 nmol l −1 (Raimbault et al. 1990 , Kerouel & Aminot 1997 . Phosphate concentrations were determined using standard procedures (Tréguer & Le Corre 1975) . For the coastal experiments, inorganic nutrient determination (ammonium, nitrite, nitrate, phosphate, silicate) was performed by standard colorimetric methods with an Alpkem segmented-flow analyzer (Hansen & Grasshoff 1983) .
Size-fractionated chlorophyll a. Chlorophyll a (chl a) fluorescence was determined using the non-acidification technique with a TD-700 Turner Designs fluorometer calibrated with pure chl a.
Primary production. Size-fractionated primary production (PP) was estimated by assessing 14 C incorporation by phytoplankton cells (Marañón et al. 2001) . Primary production incubations lasted 3 to 4 h in the coastal experiments and 12 to 14 h in the openocean experiments. The PP to community respiration (CR) ratio (P/R) was calculated from daily gross PP rates estimated using a correction factor for phytoplankton respiration of 20% and a percentage of extracellular release (PER) of 20% (Marañón et al. 2004) .
Flow cytometry. The abundance of heterotrophic bacteria was determined with a Becton Dickinson FACSCalibur flow cytometer equipped with a laser emitting at 488 nm (Gasol & del Giorgio 2000) .
Bacterial heterotrophic production. The [ 3 H]leucine incorporation method (Kirchman et al. 1985) , modified as described by Smith & Azam (1992) , was used to determine leucine (Leu) incorporation rates (LIR). Bacterial production (BP) incubations lasted 1 h in the coastal experiments and 1.5 to 2 h in the open-ocean experiments. Dilution experiments were performed in both sets of experiments in order to determine empirical leucine to carbon conversion factors (CF) following methods detailed elsewhere (Calvo-Díaz & Morán 2009 
Data analysis
In the present study, experiments lasted 3 d, and rates and biomasses were measured every 24 h. To study the effect of different nutrient additions on microbial standing stocks and metabolic rates, we calculated response ratios (RR) as an effect-size metric (Downing et al. 1999 , Hedges et al. 1999 , Elser et al. 2007 ). Response ratios (RR = AT/C) were calculated by dividing the time-integrated (i.e. from 0 to 72 h) value in the addition treatment (AT) by the time-integrated value in the control (C). In the case of standing stocks and ratios, time-averaged values were used.
t-test analyses were conducted to test for mean response ratios significantly different from 1 in the different addition treatments in each set of experiments. All datasets fitted a normal distribution (Kolmogorov-Smirnov test), and data transformation was not necessary.
Type II (reduced major axis) regression was used (Sokal & Rohlf 1995) for the relationship between the logarithms of the response ratios of chl a > 2 µm (chl a >2 µm RR ) and chl a < 2 µm (chl a <2 µm RR ) and the logarithm of the response ratio of primary production (PP RR ) as these variables had an associated error.
RESULTS AND DISCUSSION
Mean initial conditions for the 2 sets of experiments are presented in Table 2 . Contrasting nutrient conditions and planktonic food web structures and metabolic rates were encountered in open-ocean and coastal ocean environments. Nutrient concentrations were circa 1 order of magnitude higher in the coastal area than at the open-ocean sites (2 orders of magnitude in the case of ammonium and nitrite). The trophic structure of phytoplankton communities greatly differed between the 2 areas. Picophytoplankton (< 2 µm) cells dominated the initial autotrophic community (%chl a < 2 µm = 57.9 ± 2.6) in open-ocean experiments (microbial food webs), while the coastal phytoplankton community was dominated by large cells (> 2 µm) (%chl a >2 µm = 95 ± 1.4%) (herbivore food webs). The mean initial metabolic balance was net heterotrophic in microbial communities from open-ocean sites (P/R = 0.66 ± 0.19) and net autotrophic in coastal microbial communities (P/R = 1.61 ± 0.35). It is important to note here that, as already explained in 'Materials and methods', the same correction factor for phytoplankton respiration (i.e. 20%), the same PER (i.e. 20%; Marañón et al. 2004 ) and the same RQ (i.e. 0.8; Williams & del Giorgio 2005) were used for both datasets.
A summary of the biomasses and averaged metabolic responses to the addition treatments in both ecosystems (Martínez-García et al. 2010a,b) is presented in Table 3 . Phytoplankton responses (chl a RR and PP RR ) after mixed additions were significant only in herbivore food webs. In the open-ocean experiments picoeukaryotes were the group most benefitting from the additions, to the detriment of Prochlorococcus (Martínez-García et al. 2010a ). In the coastal experiments phytoplankton community composition did not greatly change as a result of the nutrient additions. Diatoms and dinoflagellates dominated the phytoplankton community at the end of the experiments (Martínez-García et al. 2010b).
Heterotrophic bacteria (BB RR and BP RR ) and community respiration (CR RR ) responses after organic and mixed additions were significant in both ecosystems. The mean magnitude of change in metabolic balance (P/R RR ) was significant after organic additions in both ecosystems, while mixed additions promoted significant changes in metabolic balance only in microbial food webs.
It is worth noting that prefiltration (150 and 200 µm pore size mesh in open-ocean and coastal experiments, respectively) of the samples could partially re- ) 2.8 ± 0.9 26.6 ± 3.5 Primary production to community respiration ratio (P/R) 0.66 ± 0.19 1.61 ± 0.35 Table 3 . Mean response ratios (RR) and standard errors of the different variables studied for both sets of experiments and for the 3 addition treatments. Asterisks indicate ratios significantly different from 1, i.e. significant responses to the additions: *p < 0.05; **p < 0.01; ***p < 0.001. Details and abbreviations as in Table 2 lease ciliates and heterotrophic flagellates from predators, thus enhancing grazing pressure by microbial protists on small phytoplankton and bacteria. In those open-ocean experiments in which no im portant phytoplanktonic responses were found after the nutrient enrichments, the PP/chl a ratio increased after the first incubation day, suggesting that the decrease of the chl a concentration could be caused by top-down control of phytoplankton at these stations (Martínez-García et al. 2010a ). The lack of phytoplankton response to the additions in one of the coastal experiments was related to the low initial photosynthetic efficiency measured rather than to strong grazing control, since large phytoplankton, which mostly dominated the phytoplankton com munity in those experiments, would presumably not be severely grazed in this 200 µm prefiltered water (Martínez-García et al. 2010b) . Heterotrophic bac terial metabolic rates (bacterial production and bacterial respiration) responded considerably more than bacterial biomass, likely related to a strong top-down control (i.e. predation) (Martínez-García et al. 2010a,b) . When pooling the available data from the 11 experiments, a significant relationship (r 2 = 0.66, p < 0.001, n = 33) was found between the responses of PP (PP RR ) and the responses of the chl a > 2 µm size fraction (chl a >2 µm RR ) to the nutrient addition treatments (Fig. 2A) . The more intense the magnitude of the response of large-sized phytoplankton (> 2 µm) to any of the nutrient addition treatments, the higher the response of primary production to the same nutrient inputs. By contrast, no significant relationship was encountered between PP RR and the responses of the < 2 µm chl a size fraction (chl a <2 µm RR ) (Fig. 2B ). This may be related to the higher nutrient uptake efficiency and, therefore, potential for growth of larger phytoplankton cells when nutrients are available (Thingstad & Sakshaug 1990 , Agawin et al. 2000 , Cermeño et al. 2005 . Thus, when nutrients are available, large phytoplankton cells outcompete small cells whatever the size-structure of the initial autotrophic community. Accordingly, it is expected that those communities dominated by large phytoplankton would tend to become more autotrophic after inorganic nutrient inputs than those dominated by small phytoplankton. Nevertheless, the stronger response of large phytoplankton cells to nutrient amendments could also be related to lower grazing pressure on these cells compared to that on small phytoplankton due to the removal of large zooplankton in these experiments.
Initial P/R ratios (black isolines) were represented over a production/biomass (P/B) plot (Tremblay & Legendre 1994) (Fig. 3) . The P/B plot shows initial modes of phytoplankton production and trophic struc tures according to the relative contribution of > 2 µm phytoplankton to biomass (%chl a > 2 µm), represented on the x-axis and to primary production (%PP > 2 µm) represented in the y-axis. Initial P/R ratios (P/R i ) were found to increase as the %PP > 2 µm increases (Fig. 3) , which is in accordance with the previously observed influence of phytoplankton production size-structure on the degree of heterotrophy of marine plankton ecosystems (Serret et al. 2001 , Smith & Kemp 2001 , Teira et al. 2001a . By contrast, no relation between the P/R i and the initial %chl a >2 µm can be observed, which results from the lack of relationship between the contribution of large phytoplankton to total chl a and to total primary production (p > 0.05, r 2 = 0.25) across the dataset, indicating that the phytoplankton communities sampled in the present study showed distinct balances be tween produc- Microbial food webs Herbivore food webs Fig. 2 . Log-Log relationship of the chlorophyll a concentration in the (A) > 2 µm size fraction response ratio (chl a >2 µm RR ) and (B) < 2 µm size fraction response ratio (chl a <2 µm RR ) versus the primary production response ratio (PP RR ). Microbial food web (closed triangles) and herbivore food web (closed squares) datasets are represented. Regression line including both datasets: Log(PP RR ) = 1.1 × Log(chl a > 2 µm RR ) + 0.002, r 2 = 0.66, n = 33 (p < 0.001) tion and loss terms (Tremblay & Legendre 1994) . The effect of allochthonous organic matter inputs on the net metabolism of planktonic microbial communities would be expected to be stronger in those communities initially showing a net balanced or heterotrophic metabolism, where small phytoplankton cells dominate primary production, regardless of the biomass size-structure. Fig. 4 shows the magnitude of response of the metabolic balance (P/R RR ) to different nutrient enrichments (superimposed coloured contours), as well as the initial P/R ratios (black isolines) on the production/biomass (P/B) plot.
Microbial communities experienced a tendency towards short-term autotrophy after inorganic additions (Fig. 4A ) in 8 out of 11 experiments, and P/R RR ranged from 0.5 (tendency towards short-term hetero trophy) to 2.1 (tendency towards short-term autotrophy). A clearly increasing trend towards autotrophy from the left lower corner (low %chl a > 2 µm and %PP > 2 µm) to the right upper corner (high %chl a > 2 µm and %PP > 2 µm) was observed. This pattern of response is coherent with the observed higher potential for growth of larger phytoplankton cells when nutrients are available (Fig. 2) (Thingstad & Sakshaug 1990 , Agawin et al. 2000 , Cermeño et al. 2005 . Nevertheless, the increasing tendency towards short-term autotrophy appeared to be related not uniquely to the %chl a >2 µm %PP >2 µm Fig. 3 . Production/biomass plot: x-and y-axes represent, respectively, the contribution of primary producers > 2 µm to total phytoplankton biomass (expressed as chlorophyll a [chl a] concentration) and to primary production (PP). Symbols represent combinations of those 2 variables in different experiments (blue triangles and squares represent microbial and herbivore food webs, respectively). Isolines represent initial primary production to community respiration (P/R) ratios (purple isoline: initial P/R = 1) Martínez-García et al. 2010b) , although it could also be related to strong grazing pressure over small phytoplankton (Tremblay & Legendre 1994) , which would explain a weaker tendency towards autotrophy than expected. On the other extreme, in Expts 1 and 2, phytoplankton biomass was dominated by small phytoplankton, whilst phytoplankton > 2 µm dominated primary production, suggesting highly efficient large phytoplankton (or strong grazing pressure over large phytoplankton) cells (Tremblay & Legendre 1994) . In this case, the tendency towards short-term autotrophy after inorganic nutrient additions was higher than expected from the biomass sizestructure. Hence, our results suggest that knowledge on the contribution of large cells to both biomass and production is important to predict the microbial response to inorganic nutrient inputs. After organic enrichments, all microbial communities tended towards short-term heterotrophy (P/R RR from 0.2 to 0.8) (Fig. 4B ). This tendency increased from the upper left corner (low %chl a > 2 µm and high %PP > 2 µm) to the lower right corner of the plot (high %chl a > 2 µm and low %PP > 2 µm), that is, as the efficiency of large phytoplankton decreases (or as the grazing pressure over small phytoplankton increases) (Tremblay & Legendre 1994) . Contrary to our initial hypothesis, microbial food webs dominated by small phytoplankton cells were not more susceptible to heterotrophy after organic matter inputs. Indeed, the strongest tendency to short-term heterotrophy occurred in Expt 8, where large phytoplankton contributed > 80% to phytoplankton biomass but < 50% to phytoplankton production, i.e. the production to biomass ratio of large-sized phytoplankton was very low (Martínez-García et al. 2010b) . Examples of such planktonic trophic structure highly susceptible to metabolic change can be found in post-bloom situations, where the delayed consumption of the organic matter accumulated after a period of high primary production rates may promote shifts towards heterotrophy of microbial communities (Blight et al. 1995 , Smith et al. 1995 , Sherr & Sherr 1996 , Serret et al. 1999 .
Therefore, as for inorganic nutrient addition, the contribution of large cells to both production and biomass appear to modulate the short-term microbial metabolic balance response after organic additions.
On average, heterotrophic responses (CR RR ) were considerably stronger than autotrophic responses (PP RR ) after mixed additions in both microbial and herbivore food webs (Table 3 ). Contrary to P/R responses (P/R RR ) after inorganic or organic inputs, P/R RR responses after mixed enrichments were not clearly dependent on the initial production and biomass structures of the phytoplankton community (i.e. their position in the P/B plot), but were essentially coupled to initial P/R ratios and ranged from 0.1 (tendency towards short-term heterotrophy) to 1.6 (tendency towards short-term autotrophy) (Fig. 4C) : the higher the initial P/R, the weaker the tendency towards heterotrophy of microbial communities after mixed additions. Considering that the metabolic balance of microbial communities is controlled by the contribution of large phytoplankton cells to primary production (Serret et al. 2001 , Smith & Kemp 2001 , Teira et al. 2001a , such a trend may be explained by the positive response of large phy toplankton cells to the combined inorganic and organic nutrient additions (Fig. 2) , which would partially compensate the enhanced community respiration.
Phytoplankton biomass and production size-structure (i.e. position on the P/B plot) controls cycling of organic matter through the pelagic ecosystem, because of its influence on carbon export processes (Legendre & Le Fèvre 1995 , Tremblay & Legendre 1994 , on the PER of organic carbon (Teira et al. 2001a,b) and on the metabolic balance of microbial communities (Serret et al. 2001 , Smith & Kemp 2001 , Teira et al. 2001a . Our results further suggest that size-fractionated production/biomass of the phytoplankton community also modulates the direction and magnitude of the short-term response of the microbial plankton metabolic balance to different types of nutrient inputs.
A summary of the responses of the metabolic balance to inorganic and/or organic nutrient enrichment in relation to the biomass and production size-structure of the microbial communities and the initial P/R found in the present study is represented in Fig. 5 . Herbivore food webs showed the strongest tenden-cies towards short-term autotrophy and heterotrophy after inorganic and organic inputs, respectively, suggesting a higher sensitivity of the metabolic balance of herbivore food webs to nutrient inputs as compared to microbial food webs. In contrast, the response of the metabolic balance to mixed inputs seemed to be primarily regulated by the initial metabolic balance of microbial communities, regardless of their trophic structure.
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